Introduction
Extremity sarcomas are managed surgically with the goal of limb preservation. In order to reduce local recurrence rates, radiation treatment has been used in either the preoperative or postoperative setting for select cases [1] . This combination has proven beneficial for large, high-grade, deeply invasive, or incompletely resected tumors [2] . Due to lower long-term complications rates, neoadjuvant treatment has become favored in cases where predicted postsurgical risks are low [3] .
However, high-grade sarcomas rarely completely regress after preoperative radiation [4, 5] . In addition, the median pathological treatment response for high-grade tumors is only 50 %, and patients with pathological necrosis rates less than 95 % are 2.5 times more likely to develop a local recurrence [5, 6] . Thus, very large (>8 cm) sarcomas represent an even greater clinical challenge. This has prompted the addition of chemotherapy to preoperative radiation in the hopes of improving tumor response [6] [7] [8] and to evaluate effectiveness of the drugs. Although neoadjuvant chemoradiation shows greater tumor necrosis, it comes at a significant cost. One study showed a 90 % risk of grades 3-4 hematologic toxicity with chemoradiation, and a multi-institutional phase II study reported increased hospitalizations and death [7, 8] .
Methods
We present an 82-year-old female with a right rapidly growing upper extremity sarcoma deemed medically unfit for systemic chemotherapy. Pathology results from biopsy demonstrated high-grade spindle cell sarcoma.
Neoadjuvant conventional external beam radiotherapy (cEBRT) followed by definitive surgery was planned. CT simulation with MRI imaging was used to contour the gross tumor volume (GTV), which measured as 527 cm 3 . The treated area included the GTV with 5-cm proximal and distal margins. The lateral margin measured over 2.5 cm, but the medial margin was as close as 0.7 cm in some areas to spare a strip of soft tissue and limit toxicity. Since the tumor was adjacent to the humerus, much of the bone was within the treatment field. An anterior-posterior, field-infield, beam arrangement was used with 6-MV photons ( Fig. 1a-b) . A dose of 50 Gy in once daily 2-Gy fractions was prescribed to the isocenter. However, setup verification films completed on the first day of radiation indicated that the tumor had grown beyond the field borders. Repeat CT simulation demonstrated a 20 % increase in tumor volume to 631 cm 3 . The field borders were adjusted to reflect the increase, and the patient was able to start radiation the same day as originally planned.
After 10 Gy of cEBRT, the tumor volume had increased another 47 % to 926 cm 3 , with finger-like tumor projections now breaking through the skin surface of the right upper arm. In the hopes of stemming further disease progression, the patient was emergently treated with spatially fractionated GRID radiotherapy (SFGRT) to the bulk of the tumor volume. A dose of 18 Gy in a single fraction was delivered to a depth of 2.8 cm (Dmax) with 15-MV photons. Therefore, the skin surface dose was approximately 5.3 Gy, and the estimated dose at 1-cm depth was 15 Gy. The humerus
Northwest Radiation Oncology, 13700 Medical Complex Drive, Houston, TX 77375, USA e-mail: adeel.kaiser.md@gmail.com with 1-cm margin was shielded from the SFGRT field, and so the medial portion of the GTV was not treated with SFGRT ( Fig. 1c-d) . The GRID has an open-hole to closed-block surface-area ratio of 50:50, as previously described [9] .
After SFGRT, the patient completed 11 more fractions of cEBRT for a total of 32 Gy by cEBRT and 18 Gy by SFGRT.
Results
Tumor growth was arrested within 10 days of SFGRT treatment. Throughout the remainder of cEBRT, and for several weeks thereafter, necrotic tumor debris slowly extruded through skin surface openings created by the tumor before SFGRT. Other than the skin defect created by the tumor itself, there were no residual skin toxicities prior to surgery (Fig. 2c) . A radical resection of the ulcerated tumor with resection of the triceps muscle was performed 6.5 weeks after irradiation. She was reconstructed with an innervated right latissimus dorsi myocutaneous flap. There were no wound complications following surgery (Fig. 2f) . Postoperative pathology demonstrated 65 cm 3 of residual tumor with only 5-10 % viable cells in a background of extensive fibrosis and necrosis. Surgical margins were clear by >1.2 cm in all directions. Based on a pre-treatment tumor volume of 631 cm 3 , our patient experienced tumor regression and necrosis rates of 90 and 99 %, respectively (Fig. 2c-e) .
Discussion
We report a case of a very large spindle cell sarcoma that rapidly progressed even during the first week of cEBRT. In order to arrest growth and avoid limb amputation, we used GRID to deliver a high dose of one-time radiation, followed by more cEBRT.
The treatment response of 90 % seen in our patient is dramatic in comparison to studies showing a meager 0-0.5 % radiological regression rate for high-grade tumors after cEBRT of 50 Gy [4, 5] . More importantly, the patient achieved negative surgical margins even though the medial portion of the tumor surrounding the humerus was directly shielded during SFGRT. This area regressed though it received only 32 Gy from cEBRT, well below the standard preoperative dose of 50 Gy.
Our patient's tumor response may be attributed to a bystander effect from SFGRT, which indirectly killed tumor cells adjacent to the treated area. SFGRT functions like virtual brachytherapy where stereotactic, high-dose beamlets of external beam radiation traverse the tumor in a dosimetric pattern akin to interstitial catheters [9] . These high-dose islands cause intense direct cell kill and indirect bystander death in adjacent or blocked areas of tumor by endemically secreted cytokines like TNF-alpha [10] . The GRID block technique allows for coverage of a larger field size of tumor than can be tolerated through an open portal [9] . For normal tissues, like the skin, blocked areas provide sparing and serve as repositories for normal cell migration and healing. Bringing in a healthy, well-vascularized myocutaneous flap facilitated primary healing of the radical resection site.
Our results suggest that a combination of SFGRT and cEBRT may be a superior neoadjuvant treatment approach than cEBRT with or without chemotherapy. With a 99 % necrosis rate of this high-grade sarcoma, the addition of SFGRT decreases the need for chemotherapy and limits toxicity during neoadjuvant therapy. Furthermore, since only 32 Gy was given to the tumor near the humerus, there is now room for additional radiation postoperatively in the case of a positive margin. These advantages illustrate why SFGRT can be safely integrated into neoadjuvant strategies for large extremity sarcomas. 
